WHAT'S KNOWN ON THIS SUBJECT: Significant variation in congenital hypothyroidism screening operations/performance has been observed in the United States. The origin of this variation remains unknown, in part because of a lack of evaluation. Accordingly, debates persist about optimal screening operations including laboratory testing methods.
Newborn screening (NBS) for congenital hypothyroidism (CH), a clinically defined group of thyroid disorders observed at birth, began in the mid1970s after the development of a radioimmunoassay capable of measuring thyroxine (T4) in dried blood spotted on filter paper. [1] [2] [3] [4] [5] Based on findings from the first million infants screened, the NBS Committee of the American Thyroid Association recommended broad establishment and expansion of NBS programs for CH in 1977. 6 By 1992, it was estimated that 50 million infants were screened annually for CH worldwide. 7 NBS programs around the world initially reported detection rates ranging from 1:3000 to 1:4000 infants screened and a typical 2:1 ratio of female to male cases. [8] [9] [10] [11] More recently, US NBS programs have reported an increase in the birth prevalence of CH from 1:3985 in 1987 to 1:2274 in 2002 not fully explained by changes in laboratory methods or potential misclassification of transient disease; significant interstate variation has also been observed. [12] [13] [14] [15] [16] The origin of this variation remains largely unknown, perhaps because there has been a lack of emphasis on evaluating screening system components. 17 Accordingly, debates persist about optimal CH screening operations, particularly dried blood spot testing methods.
Previous evidence of the comparative effectiveness of dried blood spot testing protocols for CH NBS is heterogeneous. Greater sensitivity and specificity have been reported among primary thyrotropin relative to T4 testing programs and vice versa. 15, [18] [19] [20] [21] [22] [23] [24] Several studies estimated that 4% to 10% of cases missed by primary T4 testing are appropriately detected by primary thyrotropin testing [20] [21] [22] [23] ; others conclude that primary thyrotropin testing fails to detect cases of central CH and those exhibiting a later rise in thyrotropin. 18, 19 Serial thyrotropin testing protocols that rescreen selected infants generally during the first month of life have emerged to address later rising thyrotropin [25] [26] [27] ; however, detection of central CH remains an issue. Estimates of the birth prevalence of central CH range widely (∼1:20 000-1:125 000 live births), and some believe it is adequately detected clinically amid diagnosis of concomitant pituitary hormone deficiencies. Others note that although it is true that most (∼75%) cases of central hypothyroidism also have pituitary hormone deficiencies, 28 diagnosis of either condition can often be delayed beyond 3 months of age and may result in severe hypoglycemia, neonatal hepatitis, or death. [29] [30] [31] Heterogeneity of previous evidence is difficult to interpret in the context of interprogram variation in screening protocols, performance, and population characteristics. 32 In an attempt to investigate the impact of changes in NBS for CH among a fixed population, we assessed NBS for CH performance metrics in Michigan during 4 successive periods in which different dried blood spot testing protocols were used. This study adds to previous literature by (1) comparing the effectiveness of 4 distinct screening protocols in a reasonably stable and homogenous population of infants, (2) reporting findings generated in a program that collects virtually all initial bloodspot specimens between 24 and 36 hours of life, and (3) comparing NBS protocols based on their ability to detect cases characterized by high initial thyrotropin concentrations (100 uIU/mL) who are thought to have a more severe form of CH in addition to overall CH.
METHODS

Study Design and Participants
This population-based retrospective cohort study was approved by the Michigan Department of Community 13 If a defect in thyroid hormone synthesis is suspected, perchlorate washout testing is sometimes performed to test the ability of the thyroid to transform iodine into organically bound iodine. 65 Other tests including scintigraphy and ultrasound are also useful during the process of diagnosing CH. Table 1 reports cutoff values used in referring infants for confirmatory testing over time. Outcomes of interest include screening performance metrics: detection rate, false-positive rate (FPR), positive predictive value (PPV), sensitivity, and specificity.
Data
Demographic and perinatal information collected on the NBS, laboratory screening results, and medical management data were used to identify and characterize infants screened from January 1, 1994 through June 30, 2010. Aside from rescreens because of early specimen collection, infants identified by newborn dried blood spot screen for additional testing are considered screen positive; those who are classified as CH and are treated at the conclusion of confirmatory testing are considered diagnosed cases. Reports actively and passively ascertained from pediatric endocrinologists by the NBS Follow-up Program are used in this study toidentify false-negativescreening results.
Analysis
Descriptive and analytical techniques include tabulation and trending of newborn characteristics by NBS outcomes of interest during 4 exposure periods. Logistic regression analysis is used to investigate whether the overall likelihood of detection, likelihood of severe CH detection, and likelihood of false-positive determination changed significantly across periods after adjusting for differences in the distribution of selected newborn demographic and perinatal characteristics. Cases are categorized as severe CH if their initial thyrotropin concentration reached or exceeded 100 uIU/mL based on the work of Mitchell et al. 33 Adjusted models include covariates that are both significantly associated with the dependent variable (overall detection or severe case detection) and varied significantly during the 4 exposure periods. We were unable to assess area under the receiver operating characteristic curve associated with each protocol because of the lack of analyte concentration data among normal screens during T4 testing periods.
RESULTS
More than 2 million infants are included; Table 2 reports the distributions of demographic and perinatal characteristics across the 4 exposure periods. Population characteristics did not meaningfully differ over time, although, due to the large sample size, observed differences were statistically significant. Table 3 reports screening performance metrics by dried blood spot testing protocol. During the T4 backup thyrotropin testing period, the detection rate, positive predictive value, and specificity were each less than observed during primary thyrotropin testing periods, both with and without serial testing. Alternatively, the FPR was more than twofold greater during the primary T4 relative to primary thyrotropin testing periods. The greatest rate of overall detection was observed during the tandem T4 and thyrotropin testing period (1:1271); however, the FPR (4.45%) was far greater than during other periods of observation. Accordingly, the PPV and specificity were significantly less during the tandem T4 and thyrotropin testing period compared with others observed in this study. Of note, the expected gender dimorphism of more female than male cases was reversed only during the tandem T4 and thyrotropin testing period, suggesting potential misclassification; otherwise, more female than male infants were diagnosed as expected.
Primary thyrotropin testing protocols were more specific than primary T4 testing protocols, yielding greater PPVs; however, the detection rate observed during primary thyrotropin testing periods is less than was observed during the tandem T4 and thyrotropin testing period. Overall, primary thyrotropin testing with serial testing for infants born weighing ,1800 g yielded fewer false-positive results, a greater PPV, and greater overall detection than either primary thyrotropin testing without serial testing or primary T4 backup thyrotropin testing protocols. However, the 2 false-negative results observed during this study occurred during the primary thyrotropin plus serial testing period among infants admitted to the NICU who had later rising thyrotropin but were not included in the serial testing protocol due to their normal birth weights. A single case of central hypothyroidism was detected during the T4 backup thyrotropin testing period (1:542 945), 6 of such cases were detected during the tandem T4 and thyrotropin testing period (1:125 787), and none were detected during either primary thyrotropin testing periods. Detection rate is the number of live births screened to identify a single case of congenital hypothyroidism. PPV, positive predictive value; FPR, false-positive rate; Se, sensitivity; Sp, specificity.
Although the overall rate of CH detection and subsequent screening performance metrics varied considerably by screening protocol period, the birth prevalence of severe CH, characterized by having an initial thyrotropin concentration .100 uIU/mL, was far more stable (Fig 1) . The number of severe CH cases detected per 100 000 live births screened increased after the introduction of thyrotropin into the dried blood spot testing protocol relative to the T4 backup thyrotropin testing period and remained relatively stable across the tandem T4 and thyrotropin and primary thyrotropin testing periods (with and without serial testing).
Overall, after adjusting for potential confounding factors (race, gender, twin status, birth weight), tandem T4 and thyrotropin testing and primary thyrotropin plus serial testing for infants born weighing ,1800 g are associated with a 89% and 58% increase in the odds of detection respectively compared with primary T4 backup thyrotropin testing. Primary thyrotropin testing was more specific than primary T4 testing, yet was associated with a greater likelihood of detection only after introduction of serial testing.
Although tandem T4 and thyrotropin testing was associated with a near twofold increase in overall detection compared with primary T4 testing, it was also associated with a near threefold increase in the rate of falsepositives, as shown in Table 4 . Alternatively, the FPR was significantly reduced during both primary thyrotropin testing periods relative to the primary T4 backup thyrotropin and tandem testing periods in both crude (unadjusted) and adjusted models. To compare the trade-offs of tandem thyrotropin and T4 testing verse primary thyrotropin plus serial testing for infants born weighing ,1800 g, we applied the detection rates and FPRs to a hypothetical birth population of 125 000 infants and estimated that an additional 297 false-positive determinations would be incurred for each additional case detected if Michigan were to switch from primary thyrotropin plus serial testing back to tandem T4 and thyrotropin testing for all births.
As indicated in Table 5 , the crude likelihood of severe CH detection was greatest during the thyrotropin plus serial testing period and was significantly elevated in each screening protocol period relative to the T4 backup thyrotropin testing strategy. After adjustment for race and gender distributions, the difference in likelihood of severe CH detection between T4 backup thyrotropin and primary thyrotropin without serial testing protocols was not statistically significant.
Severe CH cases were 38% and 35% more likely to be detected during tandem T4 and thyrotropin and primary thyrotropin plus serial testing periods respectively relative to the T4 backup thyrotropin testing period after adjusting for race and gender distributions.
DISCUSSION
Although the overall detection rate was greatest during the tandem T4 and thyrotropin testing period in this study, this finding is likely affected by misclassification and overdiagnosis based on the elevated birth prevalence, reversal of the expected gender dimorphism, and stable rate of severe CH observed in this period relative to primary thyrotropin testing periods. Furthermore, a surprising 72% of cases detected by primary thyrotropin exhibited normal T4 concentrations, far greater than the expected 4% to 10%, [20] [21] [22] [23] suggesting that cases of hyperthyrotropinemia may have been classified and treated as CH during this period. Primary thyrotropin testing plus serial testing among infants born ,1800 g yielded fewer false-positives and accordingly had lesser operating costs than either tandem T4 and thyrotropin or primary T4 backup thyrotropin protocols. Primary thyrotropin plus serial testing was also associated with a greater likelihood of detection relative to primary T4 testing and was equally able to detect severe CH relative to the tandem testing approach, although no cases of central CH were detected during this period.
On average, 1 case of central CH was detected per year in Michigan before removing T4 from the NBS protocol; none were detected after. It is possible that $1 cases of central CH was missed by primary thyrotropin testing strategies and perhaps not identified because of mortality or migration before clinical detection or not reported because of our reliance on passive surveillance of false-negatives. It remains unclear how the additional operating costs associated with tandem thyrotropin and T4 testing compare with the benefit of early central CH detection, although additional research is necessary to quantify this benefit.
Additional investigation isalso necessary to determine whether there is benefit to increased detection of marginal cases including hyperthyrotropinemia/subclinical CH, and hypothyroxinemia, particularly in the context of significant increases in the number of diagnoses in the United States over past 20 years. Currently, little evidence exists about the cognitive outcomes of permanent or transient forms of hyperthyrotropinemia and subclinical hypothyroidism. [34] [35] [36] [37] Two small studies reported an average decrement of 7 to 8 IQ points among children having hyperthyrotropinemia compared with euthyroid children; 38, 39 another reported subclinical hypothyroidism after age 5 years among such cases. 40 Alternatively, other small studies have reported normal mental and physical development among untreated hyperthyrotropinemia and subclinical CH cases. [41] [42] [43] [44] Several investigators have also reported potential harm including iatrogenic hyperthyroidism associated with treatment of hyperthyrotropinemia patients. 45, 46 It is similarly unclear whether cases of hypothyroxinemia, a condition common among preterm infants and characterized by low T4 concentrations and normal thyrotropin concentrations not associated with CH, should be treated. Although NBS programs have traditionally considered positive screening results associated with hypothyroxinemia as being false, evidence suggests that these children are at elevated risk for neurodevelopmental disorders 47 and developmental delay 48 ; trials are underway to determine whether there is a benefit from treatment, results may have implications for future NBS operations. 49, 50 Future research efforts would be greatly advanced by application of a standardized operational case definition for CH across NBS programs, similar to efforts made in surveillance for cerebral palsy in Europe. 51 Absent a standardized operational case definition, it is difficult to make meaningful comparisons between and within screening programs over time. This definition should lay out the criteria for diagnosing CH in terms of necessary tests and how to interpret them and should attempt to differentiate classic CH from other congenital thyroid abnormalities using operational terms. Standardized ageadjusted analyte thresholds are recommended for both dried blood and serum measurements. It is also recommended that all suspected cases of CH undergo thyroid imaging to facilitate differentiation of likely transient from permanent 
